ABSTRACT Behavioral sensitization of the gill-withdrawal reflex of Aplysia is the result of a prolonged increase in transmitter release from the presynaptic terminals of sensory neurons. Earlier work suggested that this presyna tic facilitation might be mediated by a serotonin-sensitive adenylate cyclase in the sensory neuron terminals. Here we present evidence that presynaptic facilitation results from a cyclic AMP-dependent increase in the calcium current that underlies action potentials in the sensory neurons. The action potentials of sensory neuron cell bodies have, in addition to a sodium current, a calcium current that is enhanced by blocking the opposing potassium current with tetraethylammonium. Under these conditios, the action potentials show a slowly repolarizing plateau that follows the Nernst potential for a calcium electrode and serves as a sensitive assay for changes in calcium current. Stimulation of the pathway that mediates sensitization, incubation with serotonin or phosphodiesterase inhibitors, or intracellular injection of cyclic AMP produces an increase in the calcium plateau in the presence of tetraethylammonium. In addition, both before and after sensitizing stimulation, the duration of the plateau potential parallels transmitter In this paper we describe some of the changes in the electrical properties of the sensory neurons in response to sensitizing stimulation. We have found that presynaptic facilitation can be accounted for by an increase in the voltage-sensitive calcium current that underlies the action potential and is necessary for transmitter release. This type of modulation of transmitter release differs from conventional synaptic excitatory mechanisms in that it is prolonged, lasting many minutes; it sometimes produces no change in the membrane potential; and it involves a direct action on a voltage-sensitive channel that contributes to the currents of the action potential.
cell bodies have, in addition to a sodium current, a calcium current that is enhanced by blocking the opposing potassium current with tetraethylammonium. Under these conditios, the action potentials show a slowly repolarizing plateau that follows the Nernst potential for a calcium electrode and serves as a sensitive assay for changes in calcium current. Stimulation of the pathway that mediates sensitization, incubation with serotonin or phosphodiesterase inhibitors, or intracellular injection of cyclic AMP produces an increase in the calcium plateau in the presence of tetraethylammonium. In addition, both before and after sensitizing stimulation, the duration of the plateau potential parallels transmitter release as measured by the amplitude of monosynaptic excitatory postsynaptic potentials evoked in the motor neurons by intracellular stimulation of single sensory neurons. These results are consistent with the idea that presynaptic facilitation is caused by a cyclic AMP-mediated increase in a voltage-sensitive calcium current in sensory neuron presynaptic terminals. This synaptic action is novel in that it can produce little or no changein the resting potential, is of long duration, and exerts its influence directly on a conductance triggered by the action potential, rather than on non-voltagesensitive conductances, as is typical of conventional synaptic actions.
Behavioral sensitization is a prolonged enhancement in the behavioral response to one stimulus as a result of the presentation of another stimulus, typically a noxious or novel one. Because this enhancement is related to behavioral arousal on the one hand and to nonassociative learning on the other, the neuronal mechanisms underlying sensitization have been studied in detail as a model for understanding how behavioral responses can be modified by experience (1) (2) (3) (9) . The EPSP is similarly increased by extracellular application of serotonin and by intracellular injection of cAMP (6) .
A possible mechanism for regulating transmitter release from the sensory neurons is modulation of the calcium current of the action potential, which provides the calcium influx necessary for release in the presynaptic terminals. This calcium mechanism should ideally be sought in the terminals, but it is not yet technically feasible to obtain satisfactory recordings from the presynaptic terminals of these sensory neurons. However, in certain neurons of Aplysia, the cell body has a calcium current (10-13), and this current seems to resemble that of synaptic terminals in the squid (14, 15) . We have found that these calcium channels are also present in the cell bodies of the sensory neurons, and we have used them to examine the mechanisms of sensitization.
Because the calcium current is slow, it might contribute to the falling phase of the action potential in the cell body. We therefore examined the falling phase of the action potential and found that stimulation of the nerve pathway (connective) that mediates sensitization produced a slight slowing of that phase, suggestive of a possible increase in the calcium current (Fig.  1A) . To magnify this effect we bathed the cells in a high-calcium/low-sodium solution, in which the relative contribution of the calcium current to the action potential would be exaggerated. The changes in the action potential were now greater than in normal sea water and were evident in the rising phase and peak of the spike as well as in the descending limb, supporting the suggestion of an increase in the calcium current (Fig. 1B) .
Since the calcium current is normally masked by the potassium and sodium currents, we examined action potentials with one or both of these masking currents eliminated. We first decreased the (delayed) potassium conductance that normally terminates the spike by using 0.1 M Et4N+ applied extracellularly. Et4N+ produced a marked change in the configuration and duration of the action potential. The peak amplitude increased, a plateau developed on the descending limb of the action potential, and the normal width of the action potential at half-maximal amplitude (about 2 msec) was increased by about 50-fold (to a range of 20 msec to >100 msec). After stimulation of the connective from the head ganglia, the amplitude and duration of the plateau were further enhanced, and this enhancement persisted for 15 min or more ( Fig. 2A) . Simultaneous recording of the action potential duration and the sensory neuron EPSP in the motor neuron revealed that this increase in duration and amplitude of the action potential plateau in the sensory neuron paralleled transmitter release, as evident in the concomitant changes in the amplitude of the EPSP in the motor neuron (Fig. 3) . The parallel in the presynaptic cell body spike and transmitter release strengthens the argument that ionic mechanisms in the cell body can mirror changes in the terminal region. These synaptic changes, in turn, parallel the reflex response under conditions corresponding to the presentation of a sensitizing stimulus (4, 16) .
Synaptic Modulation of the Action Potential Is Simulated by Serotonin and cAMP. The prolongation and increase in amplitude of the action potential plateau after connective The second action potential (cobalt) was evoked in cobalt + Et4N+. The cobalt was then washed out, the connective was stimulated, and the third action potential (connective) was elicited. The fourth action potential (cobalt) was fired after the addition of cobalt to the bath immediately after the broadening produced by connective stimulation. Cobalt rapidly narrowed and shortened the previously broadened spike so that the residual action potential was exactly superimposable and indistinguishable from the first action potential obtained in cobalt before connective stimulation. All three parts of the figure are based on experiments on the same cell. stimulation could be simulated by extracellular application of 0.01-0.1 mM 5-HT (Fig. 2B) . This prolongation could not be elicited by treatment with dopamine, octopamine, histamine, or various other putative transmitter substances (17) . Prolongation could also be produced by extracellular application of two chemically different phosphodiesterase inhibitors, IBMX (0.1 mM) (Fig. 2C) and Ro 20-1724 (estimated to be 0.1-1.0 mM). Similar effects occurred after direct intracellular injection of cAMP (Fig. 2D) but not with 5'-AMP injection. These findings parallel the previously reported increase in transmitter released by these sensory neurons in response to 5-HT and cAMP (6 smaller, sensitivity to external calcium concentration (18 mV/10-fold change), and 15 mM cobalt significantly decreased the peak amplitude (Fig. 4 A and B left) . These findings suggest that calcium also contributes to the early part of the action potential.
Two additional experiments further support the idea that connective stimulation and serotonin affect primarily, if not exclusively, the calcium current of the action potential. First, the ability of serotonin to prolong the Et4N+ action potential did not require the presence of extracellular sodium (Fig. 5) . In the absence of sodium, the inward (depolarizing) current is completely blocked with cobalt ions, suggesting that all of the inward current is carried by calcium (unpublished data). On the other hand, when, immediately after spike broadening (produced by connective stimulation), the calcium current is blocked by cobalt, the duration of the residual sodium action potential is identical to that of the cobalt-treated action potential prior to connective stimulation (Fig. 4B) .
Synaptic Actions Often Produce a Small Depolarizing Synaptic Potential. In normal sea water, synaptic stimulation often, but not invariably, produced a small depolarizing EPSP. This synaptic potential was accompanied by an apparent increase in input resistance as indicated by an increase in size of the electrotonic potentials produced by constant current pulses (Fig. 6A ). These changes in the electrotonic potentials lasted up to 30 min and could also be simulated by extracellular serotonin or intracellular cAMP (Fig. 6 B and C) . In addition, both the magnitude and duration of this response to connective stimulation were increased in the presence of the phosphodiesterase inhibitor IBMX (Fig. 6D ). Both the depolarization and the apparent increase in input resistance were increased when the postsynaptic membrane was depolarized, indicating that sensitizing stimulation acted on voltage-sensitive ionic conductances here also. Because depolarization alone broadened the spike duration and presumably enhanced the calcium current of the action potential (see below), this depolarization could contribute to the increased transmitter release. However, the prolongations occurred even when connective stimulation or drug applications did not change the membrane potential or when we artificially hyperpolarized the membrane potential slightly.
Although we have not yet explored the relationship between the change in membrane conductance and the prolongation of the action potential, the conductance decrease might be only apparent, and the EPSP could result from a voltage-sensitive increase in an inward current, such as a calcium current. (The hyperpolarizations produced by the constant-current pulses used to measure the input resistance would then act to turn this current off, resulting in an increase in size of the electrotonic potentials.) According to this view, both the EPSP and the changes in the spike might represent two aspects of a common increase in the calcium conductance.* DISCUSSION Model for Presynaptic Facilitation. Our experiments suggest that the changes in action potential duration in the presence of Et4N+ reflect changes in the calcium component of the action potential. These findings support the idea that the increase in transmitter release underlying sensitization of the gill-withdrawal reflex pathway results from the modulation of calcium currents in the sensory neurons.
Recently Hawkins et al. (21, 22) have analyzed the pathway that mediates sensitization and found individual cells that produced presynaptic facilitation of the sensory neuron synapses onto motor neurons. Stimulation of even a single facilitator cell enhanced the calcium current of the sensory neuron, as evident in the broadening of the Et4N+-treated spike.
On the basis of these results we propose the following model for sensitization. Opening of the calcium channels mediates transmitter release by permitting the inflow of a certain amount of calcium with each action potential (14) . Stimulation of the neurons of the sensitizing pathway leads to the release of serotonin, which activates a serotonin-sensitive adenylate cyclase in the membrane of the sensory neuron terminal. The resulting increase in cAMP leads, through a series of intermediate steps (perhaps involving phosphorylation of a calcium channel protein), to a greater activation of the voltage-sensitive calcium channels (Fig. 7) . With each action potential, a greater influx of calcium now occurs and more transmitter is released. The increased calcium influx could be produced in several ways, including the opening of new calcium channels, an increase in the conductance of preexisting calcium channels, or a decrease in their activation threshold.
Although our experiments clearly show that the calcium current is modulated, they cannot fully distinguish between a direct modulation of the calcium channel and an indirect modulation by a decrease in an opposing potassium current, in particular a calcium-dependent potassium current (23) . Against a primary role for the potassium current is the finding that, in high-calcium/low-sodium solutions, connective stimulation caused an increase in the earliest phases of the action potential (Fig. 1B) . Because a significant calcium current presumably has to precede the potassium current, the action of connective stimulation on the early component of the spike argues for a direct effect on the calcium channel.
We would emphasize that two other aspects of this model of sensitization are based on rather indirect evidence. We need to determine more directly: ( (24, 25) , we do not know if these manipulations increase the level of cAMP in individual sensory neurons. Possible Generality of Voltage-Dependent Synaptic Mechanisms for Plasticity. The modulation of transmitter release by direct control of the calcium current is interesting both for its prolonged time course (lasting minutes) as well as for the novelty of its mechanism. In contrast to conventional synaptic mechanisms that control excitability by acting on the membrane potential and resting membrane conductance, presynaptic facilitation involves a direct modulation of the ionic currents contributing to each action potential (cf. 26 and 27) .
The ability of synaptic input to produce prolonged alterations in voltage-dependent ionic channels could provide a general means for modulating neuronal activity for long periods of time. The type of modulation would depend upon the type of channel and its location. Modulation of calcium channels in the terminal of a neuron can enhance (or depress) transmitter release. Recent studies of chick dorsal root ganglion neurons in tissue culture indicate that presynaptic inhibition of these neurons by enkephalin is accompanied by a decrease in the duration of the calcium component of the action potential (A. W. Mudge and G. D. Fischbach, personal communication). Furthermore, we have found that depolarizing the membrane potential enhances the calcium current, whereas hyperpolarization decreases it (unpublished data). These observations could account for the previously unexplained finding that, in certain cells, depolarization of the membrane potential enhances, and hyperpolarization of the membrane potential depresses, transmitter release (28, 29) . In addition, habituation, which involves a decrease in transmitter release as a result of the repeated stimulation of the same pathway at low frequencies (9) , could result from a progressive inactivation of the presynaptic calcium current with repeated depolarization. In fact, we have found that the calcium current does decrease with repeated stimulation (unpublished data). This observation provides at least a partial explanation for the depression of transmitter release with short-term habituation. Finally, the modulation of voltage-dependent ion currents at sites other than the terminal region could lead to other changes in neuronal activity. For example, modulation of resting or pacemaker currents that depend on sodium or potassium could alter firing thresholds or change the pattern of firing of autoactive cells (see also refs. 30 and 31).
The modulation of synaptic transmission in the sensory neurons seems to involve a sequence of biochemical steps similar to the action of biogenic amines and peptide hormones on peripheral target cells. This raises the possibility that similar voltage-dependent ionic mechanisms may be involved in the actions of peptide hormones and biogenic amines on central neurons (see also ref. 30 ).
It will be interesting to see more precisely how the increase in cAMP during sensitization is linked to the availability of calcium channels and their voltage dependence, because that linkage could provide the first step toward a molecular understanding of this simple form of short-term learning. In addition, the biochemical steps involving cAMP, which appear to control presynaptic facilitation in the sensory neurons, could also contribute to long-term sensitization (lasting weeks). Since behavioral sensitization can, on theoretical grounds, be readily incorporated into models of classical conditioning (refs. 32-34; unpublished data), it will be of additional interest to determine experimentally whether the mechanisms proposed here for sensitization could also account for elementary forms of associative learning.
